geophysicist followed the geologist and added fruitful physical techniques. On the heels of the geophysicist came the geochemist, who, in turn, is followed by the geomicrobiologist. While the geochemist searches for chemical evidences of petroleum in the surface soils, the geomicrobiologist investigates the effects of microbial activity upon these chemicals and, in addition, looks for specific microorganisms which feed upon hydrocarbons emanating from petroleum reservoirs.
Petroleum production, by which is meant drilling for petroleum and recovering the product as economically as possible, was, in the early days, a crude and wasteful process. Later improvements in technology made by petroleum and mechanical engineers resulted in large increases in efficiency and in great increases in the yield of oil from a given reservoir. Still later, the need for scientific understanding of the physical principles of petroleum production led to the employment of research engineers, physicists, chemists, and mathematicians, resulting in further improvements in its technology. The microbiologist has now joined these other technologists and finds a fruitful field for research in problems of bacterial corrosion, microbial plugging of oil reservoir formations, fermentation of drilling fluid additives, and even in attempts to increase oil recovery by bacterial action within petroleum reservoirs.
Petroleum products are routinely stored in tanks over water and are subject to microbial attack and modification at the oil-water interface, which may lead to deterioration of the product. Microorganisms which attack paraffinic hydrocarbons, in particular, are many and varied. Although the mechanism of hydrocarbon oxidation is virtually an unexplored field, the methodology for such investigations is little different from that used in other intermediary metabolism studies.
At least one university laboratory is engaged in such studies under a grant from a petroleum company, and it is hoped that other academic microbiologists will be attracted to this field in the future. An opportunity is here for fruitful fundamental research, which could provide a basis for applications in the refining and manufacturing of petroleum products. Although the petroleum companies do a certain amount of fundamental research, this is the type of information which must, at present, come principally from the academic laboratories, while in the petroleum industry microbiologists pursue information of a more applied nature. As time pass, more microbiologists should swell the thin ranks of those employed in the petroleum industry, and thus permit more fundamental work to be done, with results of mutual benefit to science and the petroleum industry.
Because of developments of possible competitive advantage in this little-known field, individual petroleum companies have restricted the publication of their research findings until they can be adequately protected by patents. Since patents require from two to five years to issue, many developments in petroleum microbiology are undoubtedly being retained in the confidential files of oil companies. The eventual publication of this material should immediately make certain aspects of this review obsolete.
II. PETROLEUM GENESIS
We shall first present a critical analysis of present views regarding the role of bacteria in the actual formation of petroleum. No attempt has been made here to compile an exhaustive review including a multitude of observations or statements, many of which would appear to be irrelevant based on present knowledge. Practically all geologists agree that petroleum has an organic marine sedimentary origin, but the mode of its formation is not known. Bacterial activity has undoubtedly been involved in petroleum genesis, but the extent to which bacteria have contributed to the formation of petroleum is debatable. Attempts to demonstrate hydrocarbon formation by bacteria under highly artificial conditions have yielded only small amounts of paraffinic hydrocarbons other than methane and practically none of the other myriad compounds present in petroleum. The conservative viewpoint is that bacterial action is limited to producing reduced organic matter more closely resembling petroleum than the original material and that the final stages of petroleum genesis are physicochemical.
A. Modification of Organic Marine Sedimentary Material 1. Oxidative processes. It is axiomatic that bacteria will oxidize sedimentary organic matter for the purpose of gaining energy as long as physicochemical conditions permit. The most efficient means of gaining energy from organic compounds is for the bacteria to oxidize them in the presence of oxygen, the carbon compounds becoming completely oxidized to carbon dioxide and water, thus yielding the maximum of energy. Such oxidation can take place only at the surface of marine sediments since below the first few centimeters most sediments rich in organic matter are depleted of oxygen. The bacteria which are active in the oxidation of sedimentary organic material in the presence of free oxygen are common forms found in soil and fresh water, usually facultative anaerobes such as Peeudmonas, Achromobacter, Flavobacterium, and Spirillum (75) .
In the absence of free oxygen strictly anaerobic bacteria are active as well as the facultative anaerobes. Certain anaerobic bacteria such as the Deoulfovibrio have been given much attention regarding their role in petroleum genesis, especially by ZoBell (104) . These bacteria oxidize organic compounds in sediments and concomitantly reduce oxidized forms of sulfur, using them as hydrogen acceptors. This process takes place in the absence of oxygen resulting in oxidized compounds, energy for the Detdfovibrio and hydrogen sulfide. Because hydrogen sulfide reacts with metals to give a black sulfide precipitate, the blackening of organic sediments is usually an indication of the activities of Desulfovibrio. Other anaerobic bacteria may be active in sediments, but little attention has been given them. Anaerobes other than Desufovibrio oxidize organic compounds in the absence of oxygen by using other organic compounds as hydrogen acceptors rather than sulfur compounds. The hydrolysis products of protein and carbohydrate materials are the most rapidly metabolized compounds, yielding C02, NH3, H2S, CHI and fatty acids depending upon the bacteria and the conditions involved (75) . Other materials such as chitin and lignin are more slowly decomposed by bacterial action and form the basis for the accumulation of marine humus (92) . Marine humus, like soil humus, is chemically ill-defined and may be described simply as a colloidal residual of undecomposed organic matter which because of its resistance to oxidation very slowly succumbs to bacterial decomposition processes.
Marine sediments are somewhat analogous to soil in the sense that the bacterial flora and consequently bacterial activity are regulated by the type of organic material available and the conditions existing at a given time. The bacteria function in both soil and marine sediments as a biochemical means of regenerating the elements concerned with the carbon, nitrogen, sulfur, and phosphorus cycles of nature, thereby prohibiting the accumulation of dead organic matter on the soil surface as well as on the ocean floor.
2. Formtion of hydrocarbnm8 in marine sedimente. The formation of petroleum hydrocarbons in recent marine sediments by bacteria has not been demonstrated although it is known that the sediments do contain methane producing bacteria (83) , and certain bacteria found in sediments contain minute amounts of hydrocarbon as a part of their cell substance (75, 100 (67 milligras) submitted to him by ZoBell, which was described as having been produced by Deulfoibrio as it grew autotrophically in a synthetic medium consisting of carbonate, sulfate and other mineral alts in a hydrogen gas atmosphere. Dr. Hanson remarked: "Although it was necessary to forego some of the usual techniques employed in handling materials of this type because of the small amount available, some information on the chemical constitution of this oily extract was obtained. Chromatography made possible the separation of the total mateil into five distinct fractions. Although the first of these fractions could not be analyzed further, it seems likely that it was composed entirely of hydrocarbon material. The second fraction, as shown by infrared absorption and the elementary analysis, is largely hydrocarbon of paraffinic character, and if any non-hydrocarbon components are present, they must make up a very small part of the cut. The third chromatographic fraction was the first to contain any amount of non-hydrocarbon constituents and these were largely oxygen-containing substances. Unfortunately, the remainder of the fractions could not be studied further because of the small amounts, but they are undoubtedly composed of non-hydrocarbon materials. If any nitrogen or sulfur components were present in the original sample, they must have been concentrated in the last fractions" (100). Thus, the material was apparently, in part, the hydrocarbon fraction of the bacterial cells, similar to that of the bacteria examined by Stone (75) .
This hydrocarbon material is synthesized by bacteria as part of the baeterial cell and, as such, very probably exists in sediments a bacterially produced constituent of the hydrocarbon found there. Furthermore, bacterial flora under the reduced conditions of recent marine sediments would have a tendency to attack the more oxidized constituents of the sediments, thus preserving the more reduced organic material such as the lipid fracoion including the hydrocarbons. Smith (69) recently has shown that the percentage of less polar (reduced) compounds increases with the depth of sediments; therefore, with time. Bacteria, because of their growth requirement for nitrogen, would be expected to attack preferentially the nitrogenous compounds; the sediments, therefore, become progressively less rich in nitrogenous compounds with time and depth of burial (33) . Trask in his extensive work (86) showed that ancient sediments contain a carbon/nitrogen ratio of about 14 whereas this ratio for recent sediments is 8.5. These observations may be considered as circumstantial evidence for bacterial activity, but the formation of petroleum by bacteria under adequately simulated or actual geological conditions has yet to be observed.
Treibs (87) , who has studied organically rich recent deposits such as are found in the Black Sea, is of the opinion that oil is generated from the nonlipid organic constituents in the sediments as well as from the lipid constituents. (91) point out that it is logical to assume crude oil to contain cyclic compounds similar in basic structure to those which occur in living organisms. Terpenes, sesquiterpenes, and polyterpenes which appear to be polymerized isoprene units occur abundantly in nature (especially in plants), and these type compounds are amply represented in petroleum. Furthermore, the sulfur, nitrogen and oxygen containing compounds of petroleum very likely are similar to compounds found in living nature although little pertinent information regarding this is available. Bacteria could hardly be responsible for the biosynthesis of the myriad compounds in crude oil, e.g., the hydrocarbon components which make up about 95 per cent of petroleums consisting of varying amounts of paraffinic, naphthenic and aromatic groups. While the constitution of the hydrocarbon fraction of bacterial cells is not known in detail (75, 100) , it is certainly not analogous with crude oil. Methane is the only hydrocarbon known to be produced extracellularly in any quantity by bacteria. It appears, therefore, that their function in petroleogenesis is confined to some modification of the precursor organic material rather than actual conversion of this material into crude oil.
Another possible assumption, which seems farfetched, is that bacteria utilize all protopetroleum, converting it into their own cell substance (containing small amounts of hydrocarbon), the nonhydrocarbon fraction of which is reconverted again by other bacteria into cell substance containing small amounts of hydrocarbon, and so ad infinitum. The result, ostensibly, is an eventual accumulation of hydrocarbons, a disappearance in proto-petroleum and a small residual bacterial flora. It would follow however, that the hydrocarbon fraction of bacterial cells very closely resembles petroleum, while actually it appears to be almost exclusively paraffinic (75, 100) .
It is difficult to visualize the process of events just described for many reasons, among them being the observation that crude oil contains many compounds, including chlorophyll porphyrin (87) (15) . The catalytic action of surface might influence a conversion into petroleum of the trapped organic matter which escapes bacterial decomposition. Brooks (15) discusses the possible role of active surface minerals in petroleum formation at the moderate temperatures prevailing in oil producing reservoirs. (34, 78) and assigned to petroleum companies. The premise is that detection of hydrocarbon oxidizers will serve as an index of hydrocarbons in the soil. Gaseous hydrocarbons are believed to emanate from subsurface petroleum reservoirs into the soil.
In 1943, Hassler obtained the first U. S. patent (34) , and in 1954, Strawinski obtained the latest U. S. patent (78) describing methods of prospecting for oil based upon measuring gas uptake by hydrocarbon oxidizing bacteria in systems containing soil, gaseous hydrocarbons and oxygen. Russian workers, particularly the geologist Mogilevskii, had proposed in 1940 the utilization of data obtained in bacteriological studies of the subsoil for the purpose of detecting and contouring gas emanating areas (50) . Bacterial surveys of oil and gas fields were made by Mogilevskii and co-workers during the years 1937-1939 in conjunction with gas surveys. The Russian microbiologist, V. S. Butkevich, head of the Microbiology Department of the Timiryazev Agricultural Academy, participated in this work in which a total of more than 3,000 soil samples was studied. Gas surveys previously carried out by the Russians had established that only negligible concentrations of gaseous hydrocarbons could be found in the soil, even over known gas deposits, and they questioned whether these gases could serve as a medium for bacteria. Furthermore, as pointed out by Mogilevskii, the bacterial surveys, like the gas surveys, were complicated by the presence of mete in the surface soi layers, the result of organic matter decomposition rather than seepage from crude oil and gas reservoirs.
Some of the physiological properties of the methane oxidizing bacteria (found in the subsoil layers at a depth of two to three meters) were studied under the direction of Professor Butkevich. The bacteria were capable of developing in an atmosphere containing methane and oxygen in the presence of moisture and mineral salts. Hence, it was concluded that a low concentration of methane, in a steady supply, is the determining factor making it possible for methane oxidizing bacteria to grow in the subsoil.
At the suggestion of Butkevich, Mogilevskii had the soil samples analyzed for both methane oxidizing bacteria and cellulose decomposing bacteria (ostensibly methane forming bacteria). Particularly significant were those samples which contained methane oxidizers, in the absence of cellulose decomposers. The ceilulose decomposers were detected by observation of paper decomposition in a mineral salts medium together with the soil samples during a prescribed incubation period. The determination of methane oxidizing bacteria was likewise qualitative. Samples of soil were added to test tubes with a mineral salts medium and the tubes placed under a bell jar. A water seal was used through which methane was introduced in admixture with oxygen. Incubation at 34-35 C lasted for 12-14 days, and methane oxidizing bacteria, when present, characteristically formed a pellicle on the surface of the mineral medium.
In spite of its simplicity, use of the method resulted in detecting anomalies of methane oxidizing bacteria in the subsoil which were asociated with gas and oil producing areas.
Some of these bacterial surveys preceded drilling operations. Mogilevskii (50) concluded the method had promise, but that a development of a quantitative interpretation was desired. A study of bacterial indicators for higher hydrocarbons was suggested as well as a determination of the optimum depths for soil g. Later Russian workers followed the lead of Mogilevskii. In 1947 Bokova et al. (11) and Subbota (79) (1) . Anomalies in the abundance of methane oxidizing bacteria in the soil must therefore be scrutinized carefully before they are given significance as an index of petroleum-gas emanation. The adaptive ability of bacteria to utilize organic compounds, including hydrocarbons, must likewise be considered. Therefore, the detection in the soil of bacteria which can oxidize the various hydrocarbons in natural gas is not necessarily an index of natural gas emanation. Seasonal fluctuations in the soil bacterial flora, including the hydrocarbon oxidizing flora, must likewise be considered, as pointed out by Subbota (79).
2. Bactrial products as indices of petroliferous emanations. In 1942, Blau (9) described a method for detecting a "color change" in the soil as an index of bacterial action upon hydrocarbon gases emanating from subterranean petroleum deposits. The best reagent used for this purpose was reported to be sodium peroxide although a variety of reagents were employed. According to Blau, the "color change" resulted with soil samples containing hydrocarbon consuming bacteria which converted hydrocarbons into polymerized and oxidized compounds of high molecular weight that appeared to be carboxylic acids. He intimated that bacterial cells themselves could account for the color reaction, described as "deep red to light yellow", depending upon the reagent employed.
In 1943, he pointed out further that these "bodies of high molecular weight" apparently fluoresce under the influence of ultraviolet light (10). Slavina (68) Horvitz (37) in discussing "soil wax" indicated that it was observed in a thousand to ten thousandfold greater concentration in soil than the lighter constituents such as ethane, propane, and butane. While a true knowledge of "soil wax" was admittedly lacking, he maintained it was "empirically significant material", implying that it was a geochemical parameter of importance. Knowledge of the chemical characteristics of this organic material would be required before either speculation or experiments could relate it to microbial activity in soil. between anodic and cathodic areas. ZoBell (105) pointed out many ways in which bacteria may contribute to the corrosion of iron and steel. He emphasized the multiplicity of interrelated chemical, mechanical, electrical, and biological mechanisms that combine to cause corrosion, and concluded that the worst and most extensive work of bacteria is of a nonspecific nature such as producing acidic microspheres, oxygen concentration cells, surface charges, or hydrogen sulfide. This is no doubt true of the marine environments with which the author was primarily concerned, and the petroleum industry has to contend with this severely corrosive environment in its offshore drilling structures, pipe lines, and tankers. Marine paints and cathodic protection are the principal methods of combatting marine corrosion. The complex nature of this environment usually makes it impossible to evaluate the extent to which bacteria contribute to corrosion. This may account for the paucity of published information about the corrosion of iron and steel under aerobic conditions.
The role of bacteria in the corrosion of iron and steel under anaerobic conditions is better understood. Although the oil and gas industries sustain an enormous annual loss through the anaerobic corrosion of iron and steel (31, 32, 74) , it is only recently that the role of bacteria in this process has been appreciated by the petroleum industry (see figure 1) . As early as 1934, however, von Wolzogen Kuhr and Van der Vlugt (39) presented an explanation of anaerobic bacterial corrosion which is generally accepted today.
1. Bacteria concerned. Sulfate reducing bacteria capable of utilizing molecular and cathodic hydrogen are the principal agents of anaerobic bacterial corrosion. Since their discovery by Beijerinck in 1895, investigations have revealed that these bacteria are abundant in soil, sediments of fresh water and marine origin, sulfur springs, and mineral waters, including oil well waters. Starkey and Wight (74) and ZoBell and Rittenberg (107) have reviewed this literature in detail. The sulfate reducing bacteria are obligate anaerobes. Shturm (67) has reported the aerobic growth of sulfate reducing bacteria, but Grossman and Postgate (30) pointed out that Shturm's results may be explained by the fact that sulfate reducing bacteria will grow in culture media exposed to the air, provided that sufficient sulfide or other reducing agent is present. Our (3, 4, 27, 28) . Gahl and Anderson (27) found that pure cultures isolated from the deepest, highest temperature wells had the highest optimum and maximum temperatures for growth (37 to 50 C) and that the cultures exhibited an optimum salt concentration for growth which showed some correlation with the salt concentration of the brine from the well from which the culture was isolated. These findings suggest that the bacteria found were actually multiplying in the oil producing formation. It is also possible that they were introduced during drilling operations, and might have been multiplying in the well casing or tubing, using cathodic hydrogen as an energy source. ZoBell (97) reported the isolation of sulfate reducing bacteria from cores of Louisiana sulfur-limestone-anhydrite formation from a depth of 1,560 ft under experimental conditions which render extraneous contamination unlikely.
Our observations on 162 core samples of oil bearing rocks from Texas and New Mexico showed sulfate reducing bacteria in 26 samples and facultative organisms in three (89) . Many samples appeared sterile, as they gave no growth in the media used. It may be concluded that ancient sediments ordinarily contain very few viable bacteria but may contain appreciable numbers of specialized types, particularly sulfate reducing bacteria, in certain localized environments, such as in porous, oil containing rocks which also contain interstitial water with the necessary mineral nutrients. Sulfate reducing bacteria are found in most produced oil well brines, and in water supplies used for the secondary recovery of oil by water flooding (a process for recovering additional oil from a reservoir after all the oil economically recoverable by flowing and pumping has been produced), and for primary pressure maintenance. When a closed system is used in the presence of iron pipes and sulfate, anaerobic corrosion is generally found (6, 41) . In water supplies for water flooding or primary pressure maintenance, such bacterial action is usually accompanied by the formation of a turbid water containing bacterial cells and precipitated iron sulfide, which clogs the pores of the formation rock and lowers the injection rate (13, 54 oil well equipment, particularly in the casing, tubing, rods, and pumps in producing oil wells.
From one-half to two quarts per day of 37 per cent USP formalin was injected into the annulus between the casing and the tubing. Menaul and Dunn (46) found that KCN was also effective although six other relatively nongermicidal compounds were tested and found to be ineffective. Although these authors attributed the protective effect to a chemical film of undetermined composition on the surface of the metal, the main benefit of the treatment may have been caused by the inhibition of sulfate reducing bacteria. Laboratory tests have shown that formaldehyde is an effective inhibitor of sulfate reducing bacteria and the associated corrosion at levels of 10 to 50 parts per million of water (8, 54) . Sodium cyanide is similarly effective at 10 parts per million (89) . Quaternary ammonium compounds have been widely used as inhibitors of various types of corrosion, including that caused by sulfate reducing bacteria. Breston and Barton (14) found that from two to four parts per million of rosinamine acetate reduced the corrosivity of water used for oil-field flooding from between 50 to 85 per cent, and also reduced the count of both aerobic and anaerobic bacteria.
Field tests by Heck, Barton and Howell (35) showed that all of three quaternary compounds tested, Pur-O-San (alkyl dimethyl benzyl ammonium chloride), Arquad S (alkyl trimethyl ammonium chloride), and rosinamine acetate, gave good protection against acid corrosion. These inhibitors exert at least part of their effect by forming a film on the surface of the metal which brings about a high degree of resistance to attack, even by strong acids. Their effectiveness against corrosion by sulfate reducing bacteria has not been adequately evaluated although Breston found them to be good agents for preventing bacterial growth in flooding waters, and Latter (41) reported that Pur-O-San was an effective agent for inhibiting bacteria and algae in flooding waters. Chromate ion, which has long been used to inhibit corrosion by dissolved oxygen, was found to be a good inhibitor of sulfate reducing bacteria and anaerobic bacterial corrosion.
Since it retains its effectivenes over a long period of time, it has been used in dilling mud around the outside of oil well casing to provide longterm protection (89) . It should be mentioned in passing that chlorine, long used to kill bacteria in water, is relatively ineffective against anaerobic bacterial corrosion because the sulfides produced by sulfate reducing bacteria react with and remove the chlorine. Other approaches to the control of bacterial corrosion are applicable at times. The control of pH in a range outside the growth range for sulfate reducing bacteria is feasible in drilling muds and for certain flooding waters. Hunter et al. (38) reported that a pH above 9.0 effectively inhibited sulfate reducing bacteria. Many drilling muds are highly alkaline (pH 10 to 13), and thus inhibit sulfate reducing bacteria in the vicinity of the drill pipe, casing, and equipment used with them. The alkali is introduced primarily because it imparts desirable physicochemical characteristics to the mud, and bacterial control is coincidental. The chemical research laboratory at Teddington, England, has been active in the investigation of preventive measures for anaerobic corrosion since 1934 (20) and has evaluated many types of protective coatings for pipe lines. Standard coal tar enamels and hessian wrappings, even when dipped in bitumen, are relatively ineffective. A thick bitumen coating, when completely covering the pipe, and special plastic coatings show promise. Gravel packing, surrounding the pipe, is also good, probably because the gravel allows acce to air and prevents anaerobic conditions. Corrosion-resistant alloys and plastic pipe are good, but expensive. As costs are reduced, plastic and plastic-impregnated fiber-glass pipe may come into wide use in the oil fields.
B. Microbi Decomposition of Organic DriUing
Fluid Additives Oil wells are now almost always drilled with some form of drilling fluid in the bore hole. The liquid suspensions used vary widely in composition and may have either a water base, an oil base, or a mixture of the two comprising an emulsion base. A wide variety of substances, both organic and inorganic, may be added to drilling fluids to impart desired characteristics, and different types of fluids are used to overcome special problems encountered in drilling different types of formations. The major functions of a drilling fluid are: (a) to lubricate the drill bit, (b) to cool the bit, (c) to carry away chips of rock cut by the bit, (d) to plaster the walLs of the hole, thus preventing caving-in of loose formations and minimizing filtration into permeable beds, (e) to apply hydrostatic pressure to the formation in order to prevent loss of oil and gas from the strata.
1. Fermentation of starch and other natural carbohydrates. Perhaps the most common type of drilling fluid is a "mud" comprised of a dispersion of clay in water. Various organic colloids are commonly added to such muds to reduce the rate of filtration of water through the mud cake laid down on the walls of the borehole. The most common of these water-loss reducing agents are gelatinized starch and sodium carboxymethylcellulose. Both are subject to microbial attack.
Starch is rapidly decomposed by a wide variety of microorganisms, including aerobic, facultative, and anaerobic forms. Some muds, particularly lime base muds, have a pH above 10.5 and are therefore practically immune to microbial attack. Others of lower pH may support heavy bacterial growth. Thus, starch fermentation has become a serious problem, sometimes resulting in loss of the entire mud supply, and involving the risk of serious damage to the well. At least two mud service companies have developed highly effective bacterial inhibitors, composed primarily of paraformaldehyde, for preventing such fermentations. Research toward the development of improved inhibitors appears desirable although present products are effective and fairly moderate in cost. (98) emphasized the many problems to be overcome before large-scale field applications could have any hope of success, and concluded that bacterial oil release constitutes a promising field for future research by microbiologists in cooperation with petroleum engineers. ZoBeli (101) believes that, regardiess of whether sulfate reducing bacteria can be used in the secondary recovery of oil, they have performed an important role in the concentration and migration of oil leading to petroleum deposits over millions of years of geologic time. The evidence for this belief is cited above.
Beck (7) In addition to the cited requirements, the mineral requirements, growth factor requirements, and energy source requirements of the bacteria must be met. ZoBell (98) Updegraff and Wren (90) studied the process of secondary recovery of oil by sulfate reducing bacteria using various types of porous media and crude oils (typical apparatus shown in figure 2 ). Cultures of bacteria obtained from ZoBell were employed, including some which were also used by Beck ( (98) , would be invalid for a similar reason since low temperature increases the viscosity of the oil, and gravity separation of oil from oil sands decreases as viscosity increases.
A study of the mechanism by which bacteria might release oil, in the light of present knowledge of petroleum reservoir engineering, led to the following conclusions:
1. The dissolution of limestone or other calcareous minerals by sulfate reducing bacteria was so slow and incomplete, even in the presence of a readily available energy source, that it could not be expected to release appreciable amounts of oil in a reasonable length of time.
2. Gas pressure can move oil through porous media, but it has not been demonstrated that sufficient gas is produced by De&ulfovibrio to exert this effect.
3. The literature on petroleum production engineering contains conflicting evidence on whether detergents can increase oil recovery. Some detergents appear to be effective, and others ineffective. The traces of surface active agents produced by sulfate reducing bacteria would not be expected to influence oil recovery within reasonable time limits. 4 . Tenacious adherence of the bacteria to solid surfaces may crowd oil off these surfaces, but no evidence was obtained that this process had any effect in recovering oil from oil bearing sands or rocks. 5 (96) . It is clear that virtually all petroleum products, when stored in the presence of water, may undergo some deterioration as a result of the activities of hydrocarbon oxidizing microorganisms. Thaysen (84) described an interesting case of spontaneous ignition in a tank of purified kerosene stored over river water. An organism was isolated which fermented kerosene and gave methane, acetaldehyde, lactic acid, and acetic acid as products. Nitrate was an essential hydrogen acceptor. The spontaneous ignition was believed to have been caused by the ignition of methane liberated in the fermentation. Steel tanks were also shown to support the growth of sulfate reducing bacteria which contaminated the stored petroleum products with hydrogen sulfide. Allen (2) showed that bacterial action at the interface between gasoline and water in storage tanks may produce peroxides and gums and precipitate lead tetraethyl, leading to deterioration of the gasoline.
Cutting oil emulsions, used in machine shops, support growth of many types of bacteria, including sulfate reducers, which cause deterioration of the oil, and objectionable odors. Some authorities believe that these bacteria may cause dermatitis in workmen handling such oils.
B. Bacterial, Desulfuriation and Denitrogenization of Crude Oil and Petroleum Products Maliyantz (44) observed that certain sulfate reducing bacteria attacked Ru n crude oil, and removed part of the sulfur in the process. Our own results (89) with Mid-Continent American crude oils were different in that no change in the sulfur content of the crude oil was brought about when the crude oil was treated with sulfate reducing bacteria in various media, both with and without the presence of sulfur compounds other than those in the crude oil. Strawinski (76) observed a decrease of 12.5 per cent in the sulfur content of an Arabian crude oil when the oil was mixed with a sulfur-free medium containing mineral salts and glucose, and incubated for four days with a culture of Peudomonas sp. which had been selected for its ability to utilize sulfur compounds present in the oil. In a later patent, Strawinski (77) disclosed an improved two-step process whereby the oil was first treated with a culture of an aerobic bacterium in a sulfur-free medium, thus converting part of the sulfur to sulfates, and then with a culture of sulfate reducing bacteria, which converted the sulfates to hydrogen sulfide. This method was claimed to result in more complete removal of sulfur from the crude oil. ZoBeil (102) described a general method of desulfurizing petroleum products by means of hydrogenase producing bacteria acting on the oil under anaerobic conditions in the presence of hydrogen.
Bacteriological methods of desulfurizing crude oil are not in general use in the petroleum industry. The sulfur compounds in crude oil are mostly of high molecular weight, and our own experience shows them to be attacked by microorganisms with great difficulty. Microbiologic.al desulfurization of crude oil is not likely to compete with chemical methods unless more economical and effective methods are developed.
A similar problem is the microbial denitrogenization of petroleum. Nitrogen compounds are also troublesome in the refining of certain oils, and might be removed microbiologically in ways similar to those used for sulfur. However, the literature does not reveal any developments toward this goal.
C. Petroleum as a Substrate for the Industrial
Manufacture of Chemicals Another promising line of research which appears to have been generally neglected is the use of petroleum as a substrate for the industrial manufacture of chemicals. Crude oil and natural gas, pound for pound, are far cheaper than other available organic substrates. Taggart (80) obtained a patent on a method of producing fatty acids, esters, and low-boiling alcohols by the action of BaciUus paraffinicus on natural gas under aerobic conditions. With natural gas priced at 0.2 to 0.4 cents per pound of organic matter, it does not seem out of the question to consider the possibility of the manufacture of foodstuffs by microbial action on this substrate since microorganisms are known which convert gaseous hydrocarbons to protoplasm with a high degree of efficiency.
